We developed an experimental model of a cyclic feeding regime (CFR) that increased a lifespan in rats. The manifestations of oxidative stress and their interrelation with parameters of cell immunity were assessed in rats at CFR. It is shown that changes of body mass, liver mass and indexes of pro/antioxidant system after periods of starving-ad libitum nutrition at CFR diet in old animals were less pronounced than in young animals. The body mass loss of 30% in 14 days was accompanied by oxidative stress. Indexes of phagocytosis did not change, but activity of oxidase system of neutrophil was increased in 2 times. The response of metabolic and physiological systems on repeat starving-ad libitum nutrition cycles differs from the response to the initial cycle of CFR. This is interpreted as a change of adaptation strategy and the effect of metabolic memory, which influences the choice of organism strategy of adaptation for subsequent starving. The dynamics of change of the studied indexes in response to CFR was age-dependent. It was supposed that different answer to CFR in young and old animals is determined by the different amount of carbon and fat depots in young and old animals.
Introduction
The biological model of the calorie restriction (CR), which was firstly proposed by McCain in 1935 is widely used in current experimental gerontology [1] - [3] . According to a number of professionals it is one of the most successful models of experimental ways to increase life span [2] - [5] . In this model we have been received extremely important and interesting results on the role of free radical processes in the aging mechanisms [6] , the role of apoptosis, calorie restricted diets [7] , and others. At the same time, as any model the CR model has limitations and drawbacks. It "works" in the case if only young animals (1 -2 months) are transferred to CR.
We have developed another version of the experimental model of lifespan increasethe cyclic feeding regime (CFR) [8] . This model is of interest in several aspects: 1) it can be applied not only for young, but also to adult animals; 2) it allows to explore the features and characteristics of metabolic-epigenetic memory, since it is easy to determine the reproducibility of the response after repeated cycles of loss-renovation of body mass; 3) in future it can be extended to man, in contrast to the CR. After 3 cycles of CFR the mean lifespan of rats is just the same as in animals received CR diet all their life [8] [9] . Since 30% of mass loss, which occurs at the CFR and induces stress reaction, it was of interest to investigate the response of organism after 2 cycles of consecutive body mass losses-renovation in young and old animals.
In assessment of the response of organism it was evaluated some indicators of prooxidant-antioxidant system (lipid hydroperoxide amount, aconitase and glutathione peroxidase activity) and indicators of cellular immunity (phagocytic index, phagocytic number and index of completion of phagocytosis).
The activation of prooxidant system and inhibition of antioxidant system are known to be the most expressive reactions of organism to stress. Action of free radicals is dual: increased amount of free radicals, on the one hand, can induce pathological processes and, on the other hand, can activate the system of adaptation by immune system activation. In the present study the relationship between indexes of prooxidant-antioxidant system and the indexes of phagocytic activity of neutrophils was determined in young and old animals maintained at the cycling feeding regime.
Materials and Methods
The research was conducted using 3 and 19 months old males of Wistar rats. All experiments on rats were performed in accordance with the European Convention for the protection of vertebrate animals used for experimental and other scientific purposes.
Three and nineteen months old rats were divided into the control and experimental groups: control animals were maintained on standard feeding regime, and experimental groups were fed according to the CFR. CFR is a feeding regime on which experimental rats lost up to 30% of their body mass during 14 days. After that the feeding regime was changed in order to recover the body mass in 14 days. Then animals were kept under standard conditions in a vivarium for 30 days (rehabilitation). All these stages comprised one cycle of the feeding regime. The CFR scheme is described in detail [8] .
Experimental animals were regularly weighed at the same time before feeding.
Before killing, animals were anesthetized. Blood was collected into dry centrifuge tubes, incubated 30 min at 20˚C, and centrifuged for 15 min at 1500 g and was deter-mined activity of glutathionperoxidase (GPx) (EC 1.11.1.9) as described [10] .
Phagocytic activity of neutrophils was assessed by the absorption and elimination of microbial cells Saccharomyces cerevisiae by neutrophilic granulocytes (NG) using light microscopy method [11] .
Nitro blue tetrazolium (NBT)-test. The method is based on the ability of neutrophils to absorb the nitro blue tetrazolium and its recovery in granules of insoluble diformazan. Diformazan in cells is visible in microscope granules of blue color that are produced under influence of superoxide anion, which is produced in NADFH oxidase reaction. This reaction initiates the process of phagocyte stimulation. NBT test characterizes oxygen-dependent anti-infective systems of phagocyte.
To estimate enzyme activity of granulocytic neutrophils we assessed different classes of stained cells in 100 cells stained by difarmasan, using light microscopy method under magnification of 10 × 90 [12] .
The liver was perfused by cold physiological solution (4˚C), then liver was weighted and relative liver mass in percent to body mass was calculated. The mitochondria were obtained by differential centrifugation [13] .
In the mitochondria fraction the amount of lipid hydroxide was determined by the method of Ohkawa et al. [14] , activity of glutathionperoxidase (GPx) (EC 1.11.1.9) as described [10] . Aconitate hydratase activity (aconitase, EC 4.2.1.3., AG) was determined as described [15] .
All experiments were repeated not less than 5 times; in each experimental group there were not less than five animals. The results were statistically processed using nonparametric (the Wilcoxon-Mann-Whitney test) and parametric (Student's t-test) statistical methods [16] . The Statistica 6 software was applied. Results were considered as statistically significant at p < 0.05.
Results

Age-Related Changes in Body Mass on Two Consecutive Cycles of Feeding
Transfer of 3 months old and 20 months old animals on the CFR for 14 days was accompanied by a loss of 33% and 26% of the body mass in the first cycle of body mass loss ( Figure 1(a) ). In the repeated cycle of CFR 3 months old animals lost 41% of its initial mass, and 20 months old lost the same-26% (Figure 1(a) ).
Further transfer of animals to ad libitum feeding for the next 14 days provided the increase of the body mass of 3 months old animals by 92%, and 20 months old-24% by mass ( Figure 1(a) ). After the second transfer of these animals to ad libitum feeding for the 14 days the mass of young animals increased only by 45%, that is 2 times less than at the first cycle of restoration (Figure 1(a) ).
Previously, it was shown, that after 3 consecutive CFR cycle in young animals body mass lagged as compared to control by 18%, and old animals even exceeded in body mass the control group by 10% [8] .
Consequently, the transfer of experimental animals at CFR was accompanied by: 1) the cyclical changes in body mass; 2) the amplitude of the body mass changes to a more extent has been expressed in 3 months old animals than for old animals; 3) if for young animals after CRF the body mass was significantly less than in the control group, for the old animals, on the contrary, it increased and remained at the constant level as compared to the control group.
Change in the body mass was accompanied by pronounced changes in liver mass.
The relative liver mass in 3 months old rats in the first cycle decreased by 36%, and in 20 months old rats-by 31%. After the first cycle of the initial body mass recovery the body mass recovered to the initial mass in only 20 months old rats and to a lesser extent recovered in young ( Figure 1(b) ).
After the second cycle of body mass loss, the liver mass decreased by 46% in young and did not changed in old rats ( Figure 1(b) ).
The second cycle of restoration of body mass did not affect the relative liver mass in old animals and it was observed its restoration in 3-month-old animals.
It should be noted that with age the relative liver mass decreased [8] , i.e. body mass increases faster than the mass of the liver during ontogenesis.
Consequently, the relative liver mass in young animals changed in a greater extent than in old animals. Such a pronounced change in liver mass was due to the metabolic reorganization of the liver with age.
Indexes Pro-Antioxidant System in Young and Old Animals after Two Sequential Cycles of CFR
The amount of lipid hydroperoxides (LOOHs) in the mitochondria of the liver of
On the x-axis: C-control group; L1-the loss of body mass in the first cycle of CFR; R1-the restoration of body mass in the first cycle and, L2 and R2, respectively, in the second CFR cycle. We present the average values of 5 -10 repeats. p ≤ 0.05 to compared with control group. Consequently, the body mass loss and recovery revealed an increase of the amount of LOOH in liver mitochondria. Therefore, the first body mass loss was accompanied by a series of severe oxidative stress in young and less in old animals. The second cycle of mass loss caused a 2-fold less effect on LOOH in the mitochondria, both in young and old animals. Recovery of body mass in young and old animals in the second cycle CFR was not accompanied by decrease of the mitochondria LOOH to baseline, both in young and old animals.
As it is known, the of LOOH production in the liver is the membranes of the endop- were less expressed or were absent. It is believed that these changes in the pro-oxidant system lead to the "formation" of new LOOH level in mitochondria and microsomes.
It is known, that aconitase of mitochondria is the most vulnerable element of Krebs cycle. It is inhibited by active forms of oxygen and nitric oxide [17] [18] at oxygen and glucose starvation [19] . The aconitase activity of liver mitochondria under CFR was changed differently in young and old animals (Figure 3 ). At the first and second cycles of body mass loss the activity of aconitase decreased in 30%, at body mass recovery aconitase activity increased, but after the first cycle of body mass recovery aconitase activity didn't reach control level. In the second cycle of body mass recovery, its activity decreased in 24% to compare with control level (Figure 3 ). The activity of mitochondrial aconitase in the liver of old rats didn't change under CFR.
As it is known, LOOH amount depends on influence of many factors and, in particular, on the activity of antioxidant enzymes. The glutathione peroxidase (GPx), as previously been shown to be among the most labile and important antioxidant enzymes [20] .
Determination of GPx activity has shown that it varies greatly in response to the body mass loss and recovery, and in this particular case no correlation between GPx ac-tivity not correlate with LOOH amount.
The body mass loss in 3 months old rats in the first cycle was accompanied by increase in GPx activity in the liver mitochondria at 142%, and in 20 months old rats only by 33% (Figure 4 (a), Figure 4 (c)).
After the body mass recovery the GPx activity in mitochondria was 33% higher in 3 months old rats, and 88% higher in 20 months old rats compared to the control.
( Figure 4(a) , Figure 4(c) ).
In the second cycle of body mass loss GPx activity increased even greater extent than in the first cycle-at 251% in the young and 142% in old rats (Figure 4 (a), Figure   4 (c)).
After the second cycle of body mass recovery GPx activity in liver mitochondria remained almost as high both in young and old animals (234% and 97%, respectively, compared to the control) (Figure 4 (a), Figure 4 (c)).
Consequently, between the change in the activity of the GPx and the amount of LOOH in the mitochondria at the loss-recovery of body mass, as a result of CFR, there is no correlation. The GPx induction exceeds the increase of LOOH amount i.e. it remains on the high level even after CFR cycle completion.
It is known that there are several different classes of GPx, which are distinguished by the localization, activity and substrate specificity [21] . In the next series of experiments GPx activity in the blood serum was determined.
The second mass loss cycle is accompanied by GPx activity increase in the blood serum activity in 3 months old animals by 33% compared to control. In old animals there is no significant changes in GPx (Figure 4) .
Consequently, the specificity of the changes of GPx activity in mitochondria and serum was different at CFR. Therefore the activity of different classes of GPx changes in different way in the response to CFR. Between young and old animals there were quantitative differences in GPx activity. 
Indexes of Cellular Immunity
CFR has no or slight effect on cell immunity, in contrast to the reaction of cell pro/ antioxidant system.
The phagocytic index (PI), that reflects the number of bacteria ingested by white blood cells, after the first cycle of body mass loss not changes in young rats, and in 20 months old rats it increased in the second cycle of CFR ( Figure 5 ).
The starving-ad libitum nutrition the CFR had no effect on PI in 3 months old rats.
At the same time, this indicator slightly increased in the second cycle in old rats ( Figure 5 ). The phagocytic number (absorption ability of white blood cells) also changed a little and remained close to control values in young and old rats ( Table 1 ).
The index of completion of phagocytosis was stable at CFR ( Table 1) .
As it is known, neutrophils phagocyte the damaged cells of the organism, secrete bactericidal substances, participate in the regeneration of damaged tissues and help the regeneration of damaged tissue [22] . Laboratory test with nitroblue tetrazolium (NBTtest) characterizes of HADFH-oxidase system of neutrophils. We assessed the spontaneous level (without induction) and induced by zymosan level of neutrophil oxidase system to evaluate the potential activity of oxidase system in neutrophils [23] .
In the first cycle of body mass loss, spontaneous level of activity of oxidase system in neutrophils increased in 2.5 times to compared with control in young animals and in 1.9 times in old ones ( Figure 6 ). After first cycle of body mass recovery the spontaneous level of activity of oxidase system in neutrophils in young animals increased in 4
times as compared with control and didn't change of old animals ( Figure 6 ).
The second cycle of starving-ad libitum nutrition of CFR the spontaneous level activity of oxidase system in neutrophils of young animals was increased in 2.5 times as compared with control. In the old animals after the first cycle of recovery of body mass Figure 5 . Indexes of phagocytosis in young (3 months old) and old (20 months old) animals. C, L1, R1, L2, and R2-animal groups as in Figure 1 . of spontaneous level of activity of oxidase system in neutrophils didn't change from control group (Figure 6 ).
Therefore, activity of oxidase system in neutrophils reacted on CFR more in young than in old animals. The evidence of this is our data on the activity of this system after activation by zymosan in vitro.
It was shown than in control group of animals in neutrophils zymosan increased activity of oxidase system in 7.6 times in young animals as compared to spontaneous level in control; and it was increased in 5.7 times in old animals ( Figure 6 ).
In case of starving-ad libitum nutrition during CFR the effect of stimulation of neutrophils by zymosan was more manifested in young animals ( Figure 6 ). Therefore, applying of CFR is accompanied by the activation of the oxidase system in neutrophils in young and old animals, while a potential of increase of enzymatic activity of oxidase system remained high.
Discussion
The recognition of fact that nutrients are able to modulate the functions of organism has caused a revolution in the field of feeding [24] . At present, we know that a deficiency or excess of nutrients generates a specific epigenotype and affects life span [25] [26] [27] . In addition, components of nutrition act as antigens, mitogens and allergens and affect spontaneous and local immune response [28] [29] .
Consequently, the food forms the field in that the metabolic system functions. However, along with qualitative and quantitative composition of food the features of metabolism are determined also by temporal characteristics of food ingestion or a feeding regime.
The formation of stable pattern of metabolism is due to two fundamental features of the metabolic systems organization: 1) cyclic character of processes based on the short "life" of the molecules; 2) availability of alternative metabolic pathways that provide the ability to adapt metabolism quickly and to maintain its integrity using various strategies enabling fast remodeling of metabolism. This explains the lack of "hard" cause-effect relationships in biological systems, in contrast to physical systems.
Unfortunately, the temporal organization of metabolism isn't studied enough, and this is due to the complexity of the study of nonlinear dynamic processes, and as a consequence to the lack of appropriate animal models. We believe that a model of CFR can serve as useful model for the studies not only of gerontology, but also in biology in general. Overall, the results of the present study revealed a number of new facts:
1) Variability in body mass, liver mass and indices of pro-oxidant system in response to the CFR in old animals were less pronounced than in young, i.e. the adaptive response was age-dependent.
2) Transfer of both young and old animals to the CFR, which was accompanied by a loss of body mass (26% -30%) and liver mass (31% -36%) was accompanied by a manifestation of oxidative stress accompanying the activation of the GPx, particularly pronounced in the first body mass loss in CFR, while characteristics of cellular immunity remained stable.
3) The response of metabolic and physiological systems to the CFR differed between the initial impact of CFR and subsequent cycles of CFR i.e. organism changed adaptation strategy by repeated influences the same factors that indicate: a) the shift of adaptive strategy and b) the formation of metabolic memory which modifies the adaptive processes and affects the choice of strategy for subsequent adaptations.
Since the body mass loss and its restoration are determined by the balance between lipid hydrolysis, lipid synthesis and accumulation of proteins and carbohydrates, the various strategies of body mass maintaining can be realized by successive periods of starving and ad libitum nutrition in course of CFR.
As it is known body mass loss may be due to physiological or pathological reasons.
The decrease in body mass due to food restriction and diet change may be attributed to normal physiological mechanisms of body mass loss.
In CFR at the first cycle of mass loss, young and old animals lost almost about 30% in the 14 days of regime of starving. If the body mass loss accounted more than 40%, the most of the animals perished [8] . Although at the maintenance of animals on classic CR, from one-month age, the body mass loss can reach up to 60% [8] .
In that case, the young animals in the first cycle of CRF lost 30% of body mass, in the second cycle they could lose 35% -40% under the same conditions without life threatening. Moreover, it has been shown previously that these animals have an increased lifespan [8] . In 20 months old rats at the same CFR regime the body mass, on the contrary, remained unchanged in the first 2 cycles, and at 3rd cycle, body mass decreased from 26% to 9% as it was previously shown [8] . Such difference in the periodic mass loss in young and old animals may indicate the intense catabolism in young, unlike the older animals.
Large amount of glycogen and fat in old animals provides relative "protection" of the protein catabolism. It is suggested by a smaller loss of liver mass compared to the young in the first cycle of CFR. In the second cycle young animals lost 46% of liver mass, while in older it has not changed ( Figure 1 ).
As it is known, the mass of muscle protein accounts for more than half of the body mass and in the case of physiological mass loss catabolism undergo primarily muscle proteins [30] . In our opinion, as the adult animals have more carbohydrate and fat depots, they largely retains its muscle mass under the same CFR conditions. Or, in other words, the young and old animals use different strategies to adapt to starving.
Naturally, in periods of body mass loss occurs not only catabolism of carbohydrates, lipids and proteins, but there is active synthesis of essential macromolecules that eventually accompanied by new metabolic patterns formation. It is believed that metabolic patterns formed in response to the CFR will provide the minimization of losses in subsequent cycles of insufficient nutrition.
The change of pro-and antioxidant indexes supports this conclusion in two ways:
1) The amount of lipid hydroperoxide species in liver mitochondria of old control animals did not exceed those of young animals, and the activity of GPx in the old was 2 times higher than in young animals. The GPx activity in the blood serum of the old group of animals also was significantly higher than in young animals. Such age changes in GPx activity result in decrease of amount of LOOH in microsomes of old animals ( Figure 2, Figure 4 ).
The lower level of peroxidation in aged animals (control) is accompanied by lower activity of mitochondrial aconitase in old animals as compared to young (Figure 3 ).
These results do not agree with the statement that LOOH increase with age.
2) Amount of LOOH in liver mitochondria of young animals in response to a first cycle of body mass loss significantly increased, and to a greater extent than in older animals. At the same time amount of LOOH in microsomes of the old increased largely (Figure 2) . In old animals the activity of the GPx in the mitochondria and blood serum increased to a less degree. However, the GPx activity remained significantly above the reference level and after CFR. It should be noted that the old animals at CFR diet have greater lifespan [8] .
These results indicate that the loss of body mass in young and old animals to 30% during 14 days induces oxidative stress manifesting in high GPx activity, one of the key enzymes of glutathione cycle. This oxidative stress has been "formed" in young and old animals from various elements of prooxidant system. This can be explained by the presence of various carbohydrate and fat depots in young and old animals, as well as they have different metabolic memory.
It is important to note "decaying" nature of the response of prooxidant systems at the repeated cycles of CFR. This may indicate a change in strategy of adaptive responses.
A significant increase in the activity of the GPx at CFR that accompanies oxidative stress can be explained by the fact that the reactive oxygen species increase the gene expression of antioxidant enzymes [31] .
It is known that increased production of hydrogen peroxide is an important regulatory factor. For instance, at pregnancy there is a pronounced manifestation of oxidative stress [32] and it was shown that H 2 O 2 stimulates vasodilation on the background of GPx activation [33] .
Oxidative stress provides activation of cellular immunity [34] . It is shown that activated by oxidative stress monocytes (macrophages) produce neopterin [35] . In 1967
Sakurai and Goto isolated neopterin from human urine and showed that its concentration increased by several orders in cancer patients [36] . At present is shown, that compounds with the pteridine structure are often found in biological systems and play an important role in immune cells self-protection from oxidative burst [37] .
Results of this investigation suggest that a relatively stable level of activity of the cellular component of the immune defense that accompanies body mass loss may be associated with a relatively high cyclic changing of LOOH amount at a high activity of GPx.
It is known that starving, accompanied by a decrease of body mass, inhibits the activity of the immune system and in particular the cell-mediated immunity [38] .
We believe that the CFR induces the formation of specific metabolic patterns, which provide the formation and maintenance of a specific adaptive epigenotype, and they are associated with greater lifespan.
Increased lifespan of animals which underwent 3 cycles of CFR [8] can be explained by three effects: effect of selection of most resistant to various stresses animals, by hormesis effect, and by formation of metabolic memory [39] .
